Introduction {#S0001}
============

Colorectal cancer (CRC) is a popular malignant disease throughout the world, which seriously endangers health, and it is estimated that the incidence of CRC ranks third and its mortality ranks second place in malignancies.[@CIT0001]--[@CIT0003] With changes in lifestyle and diet structure (high-fat, high-protein, low-fiber diet), male sex, accelerated aging population, inflammatory bowel disease and a positive family history, the incidence of CRC remains high.[@CIT0004]--[@CIT0006] In China, the increased trends of incidence and mortality of CRC pose a great burden on families and the society.[@CIT0007] It is estimated that medical cost on CRC is the most expensive in tumor diseases and its non-medical expense is hard to evaluate.[@CIT0008],[@CIT0009] Therefore, the screening, diagnosis and treatment of CRC in the early phase significantly could improve the clinical outcomes of CRC. Nevertheless, the diagnostic methods of early-stage CRC are limited, and the therapeutic efficacies of surgery and adjuvant chemotherapy for advanced CRC are not ideal.[@CIT0010],[@CIT0011] The main reason for this dilemma is that the pathogenesis of CRC has not been fully elucidated.[@CIT0011] It is necessary to reveal the specific pathogenesis of CRC, thus benefiting patients in middle or late stage.[@CIT0012],[@CIT0013]

circRNAs differ from linear RNAs, which are closed loop RNAs formed by covalent bonds, containing exon and intron sequencing.[@CIT0014],[@CIT0015] circRNAs are abundantly expressed in eukaryotes.[@CIT0015],[@CIT0016] The majority of circRNAs are highly conserved and resistant to RNAases, showing tissue or stage-specificity.[@CIT0016],[@CIT0017] Previous studies have shown that circRNAs are involved in the development and metastasis of some malignant tumors, including bladder cancer, gastric cancer, hepatocellular carcinoma, esophageal squamous cell carcinoma, and ovarian cancer.[@CIT0018]--[@CIT0021] circPDSS1, which reported with aberrant expressions in many tumors, could suggest the possibility to be a promising tumor hallmark.[@CIT0022],[@CIT0023] Meanwhile, we found the abnormal expression and the identified biological functions of circPDSS1 in CRC by data analysis.

The role of circPDSS1 in CRC is largely unknown. This study mainly explored the biological functions of circPDSS1 in influencing malignant phenotypes of CRC cells and the involvement of the Wnt/β-catenin signaling. Our findings may provide a new idea in the diagnosis and treatment of CRC.

Patients and Methods {#S0002}
====================

CRC Patients and Samples {#S0002-S2001}
------------------------

Cancerous mucosa and normal paracancerous mucosa tissues more than 5 cm away from the tumor were surgically collected from 56 CRC patients, which were pathologically confirmed by H&E staining. None of them had pre-operative anti-cancer treatment. Samples were immediately frozen in liquid nitrogen and stored at −80°C. This study got approval by Ethics Committee of Yidu Central Hospital of Weifang and it was conducted after informed consent of each subject. This study complied with the Declaration of Helsinki.

Cell Lines and Reagents {#S0002-S2002}
-----------------------

CRC cell lines (HT29, HCT-8, HCT-116, SW480) and the intestinal epithelial cell line (FHC) were purchased from ATCC (Manassas, VA, USA). HT29 and SW480 were cultured in Dulbecco's modified eagle medium (DMEM) (Thermo Fisher Scientific, Waltham, MA, USA), and the others were in Roswell Park Memorial Institute 1640 (RPMI 1640). 10% fetal bovine serum (FBS) (Gibco, Rockville, MD, USA), 100 U/mL penicillin and 100 μg/mL streptomycin were applied in culture medium. Cell passage was conducted until cells were grown to 80--90% confluence.

Transfection {#S0002-S2003}
------------

Cells were inoculated in 6-well plates and cultured to 30--50% confluence. They were transfected with plasmids constructed by GenePharma (Shanghai, China) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Transfection efficacy was tested by quantitative real-time polymerase chain reaction (qRT-PCR) at 48 h.

Tube Formation Assay {#S0002-S2004}
--------------------

Cells incubated in the mixture of 300 μL of TCM and 300 μL of culture medium were applied per well in a 24-well plate where 300 μL of Matrigel per well was pre-coated. After 2-day cell culture, angiogenesis was assessed by calculating the total branch points per sample under a microscope (Nikon Corporation, Tokyo, Japan).

Wound Healing Assay {#S0002-S2005}
-------------------

Cells were inoculated in 6-well plates and grown to 90% confluence. After creation of an artificial wound in cell monolayer, medium with 1% FBS was replaced. 24 hours later, wound closure was captured for calculating the percentage of wound healing (magnification 40×).

Transwell Assay {#S0002-S2006}
---------------

Matrigel was pre-coated on the bottom of the Transwell chamber (Millipore, Billerica, MA, USA) for 24 h. 200 μL of suspension (2.0×10^5^/mL) was applied in the upper side of the chamber inserted in a 24-well plate with 560 μL of medium containing 10% FBS in the bottom. After 48 h of incubation, cells in the bottom were fixed in methanol for 15 min, dyed with crystal violet for 20 min and counted using a microscope. Migratory cell number was counted in 5 randomly selected fields per sample (magnification 40×).

Quantitative Real-Time PCR (qRT-PCR) {#S0002-S2007}
------------------------------------

Extracted RNAs by TRIzol reagent (Invitrogen, Carlsbad, CA, USA) were purified by DNase I treatment, and reversely transcribed into cDNAs using Primescript RT Reagent (Takara, Otsu, Japan). The obtained cDNAs underwent qRT-PCR using SYBR^®^Premix Ex Taq™ (Takara, Japan). Each sample was performed in triplicate, and relative level was calculated by 2^−ΔΔCt^ and normalized to that of β-actin. circPDSS1: forward: 5ʹ-GTGGTGCATGAGATCGCCT-3ʹ, reverse: 5ʹ-GGGTTGTGTGATGAAACCTG-3ʹ; β-actin: forward: 5ʹ-CCTGGCACCCAGCACAAT-3ʹ, reverse: 5ʹ-GCTGATCCACATCTGCTGGAA-3ʹ.

Western Blot {#S0002-S2008}
------------

Cells were lysed on ice for isolating proteins. After detection of protein concentration by BCA method, protein samples were separated by 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). They were subsequently loaded on polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). Non-specific antigens were blocked in 5% skim milk for 2 hours. Membranes were reacted with primary and secondary antibodies for indicated time. Band exposure and analyses were finally conducted.

In vivo Xenograft Model {#S0002-S2009}
-----------------------

In vivo xenograft model was established after approval of the Animal Ethics and Use Committee. A total of 10 male nude mice were randomly assigned into two groups (n=5). They were subcutaneously administrated with HCT-8 cells transfected with sh-NC or sh-circPDSS1, respectively. Tumor size was recorded every 7 days. Six weeks later, tumor tissues were collected and weighed after sacrifice. Tumor volume = (width^2^×length)/2.

Luciferase Assay {#S0002-S2010}
----------------

Cells were pre-inoculated in 24-well plates overnight. They were co-transfected with pcDNA-NC/pcDNA-β-catenin and circPDSS1-WT/circPDSS1-MUT, respectively. Luciferase vectors used here were constructed based on the predicted binding sequences in the 3ʹUTR of β-catenin. After 48 h cell co-transfection, luciferase activity was measured.

Statistical Analysis {#S0002-S2011}
--------------------

SPSS 22.0 (SPSS IBM, Armonk, NY USA) was used for data analyses. Data were expressed as mean ± standard deviation. Differences between groups were analyzed by the *t*-test. The influences of circPDSS1 on clinical features of CRC patients were analyzed by Chi-square analysis. Kaplan-Meier curves were depicted for survival analysis. *P* \< 0.05 was considered as statistically significant.

Results {#S0003}
=======

Highly Expressed circPDSS1 in CRC Tissues and Cell Lines {#S0003-S2001}
--------------------------------------------------------

Compared with paracancerous mucosa, circPDSS1 was upregulated in mucosa tissues of CRC ([Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"}). Similarly, circPDSS1 was upregulated in CRC cell lines, especially HCT-8 and HCT-116 cells ([Figure 1C](#F0001){ref-type="fig"}). These two cell lines were selected for establishing the in vitro circPDSS1 knockdown model by transfection of sh-circPDSS1 ([Figure 1E](#F0001){ref-type="fig"}).Figure 1Highly expressed circPDSS1 in CRC tissues and cell lines. (**A, B**) Differential expression of circPDSS1 in cancerous mucosa and paracancerous mucosa tissues collected from CRC patients. (**C**) circPDSS1 level in CRC cell lines. (**D**) Overall survival in CRC patients based on circPDSS1 level. (**E**) Transfection efficacy of sh-circPDSS1 in HCT-8 and HCT-116 cells. Data were expressed as mean±SD. \**P* \< 0.05, \*\**P* \< 0.01.

circPDSS1 Expression Was Correlated with Lymph Node and Distance Metastasis in CRC Patients {#S0003-S2002}
-------------------------------------------------------------------------------------------

Recruited 56 CRC patients were divided into two groups according to the median level of circPDSS1 in cancerous mucosa tissues collected from them. By analyzing their clinical data, it is found that circPDSS1 level was positively correlated to rates of lymphatic metastasis and distant metastasis, while it was unrelated to age, sex and tumor staging in CRC patients ([Table 1](#T0001){ref-type="table"}). In addition, follow-up data were collected for assessing the relationship between circPDSS1 level and prognosis in CRC. Kaplan-Meier method yielded the conclusion that high level of circPDSS1 indicated a poor prognosis in CRC ([Figure 1D](#F0001){ref-type="fig"}).Table 1Association of circPDSS1 Expression with Clinicopathologic Characteristics of Colorectal CancerParametersNumber of CasescircPDSS1 ExpressionP-valueLow (%)High (%)Age (years)0.672 \<6021129 ≥60352213Gender0.446 Male271512 Female291910T stage0.565 T1--T2331914 T3--T423158Lymph node metastasis0.034 No352510 Yes21912Distance metastasis0.073 No362511 Yes20911

Knockdown of circPDSS1 Inhibited Cell Metastasis and Angiogenesis in CRC {#S0003-S2003}
------------------------------------------------------------------------

Transwell assay revealed fewer migratory cells after knockdown of circPDSS1 in HCT-8 and HCT-116 cells, indicating the weakened migratory ability ([Figure 2A](#F0002){ref-type="fig"}). Similarly, decreased percentage of wound closure in CRC cells transfected with sh-circPDSS1 also confirmed the role of circPDSS1 in triggering CRC metastasis ([Figure 2C](#F0002){ref-type="fig"}). Compared with those of controls, CRC cells transfected with sh-circPDSS1 had lower total branch points, suggesting the inhibited angiogenesis ([Figure 2B](#F0002){ref-type="fig"}). The above evidences have proven the in vitro functions of circPDSS1 in CRC cells. Subsequently, in vivo influences of circPDSS1 on CRC progression were explored by establishing the xenograft model. Compared with those of sh-NC, in vivo knockdown of circPDSS1 resulted in smaller tumor volume and lower tumor weight, indicating the inhibited CRC progression ([Figure 2D](#F0002){ref-type="fig"}).Figure 2Knockdown of circPDSS1 inhibited cell metastasis and angiogenesis in CRC. (**A**) Migration in HCT-8 and HCT-116 cells transfected with sh-NC or sh-circPDSS1. (Magnification: 40×) (**B**) Tube formation in HCT-8 and HCT-116 cells transfected with sh-NC or sh-circPDSS1. (Magnification: 40×) (**C**) Wound closure in HCT-8 and HCT-116 cells transfected with sh-NC or sh-circPDSS1 (**D**) Average tumor volume and tumor weight of CRC tissues collected from mice administrated with HT29 cells transfected with sh-NC or sh-circPDSS1. Data were expressed as mean±SD. \**P* \< 0.05, \*\**P* \< 0.01.

Knockdown of circPDSS1 Inhibited the Activity of the Wnt/β-Catenin Signaling in CRC {#S0003-S2004}
-----------------------------------------------------------------------------------

After transfection of sh-circPDSS1, protein levels of β-catenin, GSK-3β, c-Myc, MMP-9 and cyclin D1 were downregulated in CRC cells, indicating the regulatory effect of circPDSS1 on the activation of the Wnt/β-catenin signaling ([Figure 3A](#F0003){ref-type="fig"}). To further uncover the involvement of the Wnt/β-catenin signaling in CRC, we constructed pcDNA-β-catenin. Transfection of pcDNA-β-catenin markedly upregulated β-catenin in CRC cells with circPDSS1 knockdown ([Figure 3B](#F0003){ref-type="fig"}). In addition, the Bioinformatics and luciferase reporter gene analysis was applied to assess whether circPDSS1 act on β-catenin. The results showed that compared with NC group, the luciferase activity of cells transfected with β-catenin overexpression vector decreased significantly, which suggested that β-catenin was the target gene of circPDSS1 ([Figure 3C](#F0003){ref-type="fig"}).Figure 3Knockdown of circPDSS1 inhibited the activity of the Wnt/β-catenin signaling in CRC. (**A**) Protein levels of β-catenin, GSK-3β, c-Myc, MMP-9 and cyclin D1 in HCT-8 and HCT-116 cells transfected with sh-NC or sh-circPDSS1. (**B**) Protein level of β-catenin in HCT-8 and HCT-116 cells co-transfected with sh-circPDSS1+NC or sh-circPDSS1+pcDNA-β-catenin. (**C**) Bioinformatics and luciferase reporter gene analysis to prove the relationship betweenβ-catenin and circPDSS1. Data were expressed as mean±SD. \**P* \< 0.05, \*\**P* \< 0.01.

β-Catenin Was Responsible for Malignant Phenotypes of CRC Regulated by circPDSS1 {#S0003-S2005}
--------------------------------------------------------------------------------

We thereafter explored the potential function of β-catenin in the malignant development of CRC. Higher migratory cell number was seen in CRC cells co-transfected with sh-circPDSS1 and pcDNA-β-catenin than those with solely knockdown of circPDSS1 ([Figure 4A](#F0004){ref-type="fig"}). As expected, overexpression of β-catenin enhanced wound closure percentage in CRC cells with circPDSS1 knockdown ([Figure 4C](#F0004){ref-type="fig"}). The similar trend was also found in tube formation assay ([Figure 4B](#F0004){ref-type="fig"}). It is concluded that overexpression of β-catenin abolished the role of circPDSS1 in suppressing CRC metastasis and angiogenesis.Figure 4β-catenin was responsible for malignant phenotypes of CRC regulated by circPDSS1. (**A**) Migration in HCT-8 and HCT-116 cells sh-circPDSS1+NC or sh-circPDSS1+pcDNA-β-catenin. (Magnification: 40×) (**B**) Tube formation in HCT-8 and HCT-116 cells sh-circPDSS1+NC or sh-circPDSS1+pcDNA-β-catenin. (Magnification: 40×) (**C**) Wound closure in HCT-8 and HCT-116 cells sh-circPDSS1+NC or sh-circPDSS1+pcDNA-β-catenin. Data were expressed as mean±SD. \**P* \< 0.05.

Discussion {#S0004}
==========

The occurrence and development of CRC are complicated involving multiple factors.[@CIT0001]--[@CIT0003] Theories of gene regulation, tumor stem cells and microenvironmental inflammation are well concerned in the field of CRC research.[@CIT0024],[@CIT0025] In addition, the cancer-associated fibroblasts and endothelial cells, as well as tumor-associated macrophages, which construct this favourable for the tumor growth and invasiveness microenvironment.[@CIT0025] Gene regulation theory highlights the involvement of oncogene activation, tumor suppressor inactivation and signaling transduction in tumor development.[@CIT0010]--[@CIT0013] circRNAs, which are newly discovered RNAs, are promising tumor hallmarks.[@CIT0014],[@CIT0015] They are structurally formed through back splicing of the 3ʹ and 5ʹ terminals.[@CIT0015],[@CIT0016] The specific structure of circRNAs results in their characteristics of extension, conservatism and tissue specificity.[@CIT0016],[@CIT0017]

circRNAs have been hot topics in the research of human diseases, including Alzheimer's disease, osteoarthritis and atherosclerosis.[@CIT0016],[@CIT0017] Differentially expressed circRNAs have been identified between tumor tissues and paracancerous ones, and they may be promising therapeutic targets.[@CIT0018],[@CIT0019] A great number of circRNAs with vital biological functions require to be explored.[@CIT0014]--[@CIT0017] We collected 56 pairs cancerous mucosa and normal paracancerous mucosa tissues in CRC patients. It is found that circPDSS1 was upregulated in CRC samples. Its level was positively linked to lymphatic metastasis and distant metastasis rates in CRC patients, suggesting the potential tumor-promoting role in CRC. In addition, circPDSS1 knockdown model was established in HCT-8 and HCT-116 cells because of their highest abundance of circPDSS1 in the tested CRC cell lines. Transwell, tube formation and wound healing assay all suggested the role of circPDSS1 in stimulating metastasis and angiogenesis in CRC. Knockdown of circPDSS1 markedly downregulated vital genes in the Wnt/β-catenin signaling.

circRNAs not only compete with pre-mRNAs that target on gene regulations, but also regulate parental gene expressions.[@CIT0026],[@CIT0027] circRNAs are vital regulators in the development of malignant tumors.[@CIT0018],[@CIT0019] Specifically, the predictive role of cirRNAs should be further discussed. They regulate the Wnt pathway in CRC, while activation of the Wnt pathway leads to the increase of expression of mRNAs that directly bind to their gene promoters.[@CIT0028] Our findings have already confirmed the involvement of circPDSS1 and the Wnt/β-catenin signaling in the malignant development of CRC. Subsequently, we further explored how circPDSS1 and β-catenin synergistically drove the malignant phenotypes of CRC cells. Overexpression of β-catenin remarkably abolished the inhibitory effects of circPDSS1 on CRC cell metastasis and angiogenesis. As a result, it is suggested that circPDSS1 drove the malignant development of CRC via activating the Wnt/β-catenin signaling. Therefore, we need to further expand the sample size and more clinical data to reveal the circPDSS1 in the development of CRC patients.

Conclusions {#S0005}
===========

Upregulated circPDSS1 in CRC is closely linked to lymphatic metastasis, distant metastasis and overall survival. It stimulates the migratory ability and angiogenesis in CRC cells via activating the Wnt/β-catenin signaling.
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